Abstract-A new approach for speckle reduction in SAR images based on the stationary wavelet transform is proposed. Noisy wavelet coefficients are reduced via a shrinkage function that depends on a statistical modeling of the normalized wavelet coefficient probability density functions. Consistencies between coefficients across scales and space are also reinforced using consistency rules. The approach is particularly robust in cases of correlated speckle noise.
INTRODUCTION
Most speckle reduction techniques assume the speckle noise as a white random process. Recently, numerous wavelet based methods have been proposed [1] [2] [3] [4] [5] where, like most of the mono-scale filters, a white speckle noise is assumed. However, the impact of the speckle second order statistics is expected to be significant as a non uniform speckle power spectral density function will strongly affect the distribution of the signal energy within the various wavelet sub-bands [5] .
The proposed method is based on the work of Scharcanski et al. [6] on the filtering of optical images corrupted by Gaussian noise. In this approach, the amplitude of significant wavelet coefficients is modeled probabilistically and a shrinkage function is derived based on the model obtained. Scale consistency is applied and leads to a better preservation of strong coefficients present at successive scales. Identically, Geometric constraint (orientation preservation) aims at strengthening coefficients placed along edges. The present paper is an extension of the authors previous work on speckle filtering [1] [5] where a multiscale MAP estimation was proposed (SWT-MMSE).
The paper is organized as follows. Section II, considers the impact of speckle correlation on the normalized wavelet coefficient statistics. In Section III, a wavelet coefficient shrinkage function based on a two components mixture model is described. Finally, in section III the proposed approach is compared with other speckle reduction techniques on simulated and real images.
II. INFLUENCE OF A CORRELATED SPECKLE ON THE WAVELET COEFFICIENTS

A. General Considerations
In the following, we assume a stationary wavelet transform (SWT) of a SAR image I composed of 3J high-frequency images { } 
Note that the wavelet acf is also a wavelet. Consequently, the speckle noise power for a L looks SAR image within a homogeneous area of mean reflectivity I µ which is expressed by the following
The linear filtering power gain is directly affected by the interaction of the speckle correlation function S ρ and the wavelet acf, hence ( )
where S γ is the speckle power spectral density function 
For a correlated speckle noise, the impact will be an increased noise level on lower frequency bands (j>1) and a decrease on finest scale (j=1).
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B. Properties of the normalized wavelet coefficients
We propose the following two operators robust to speckle noise:
The amplitude operator
M I is an average of the three directional wavelet coefficient energies after gain normalization. Additionally, because of the multiplicative nature of the speckle noise, we normalized M I behaves differently for noise and edge related wavelet coefficients.
We assume that
M I is the root square of a sum of three independent centered random variables which means that the probability density function (pdf) should be close to a scaled χ distribution with 3 degrees of freedom (noted
where
σ is the scaling factor that should be approximately 1 for a white speckle noise and around
2, / j j C S S for a correlated noise. We verify the validity of this model by simulating a 256x256 uniform speckled image (L=1) with and without correlation. The correlated speckle was generated using the Blacknell technique [8] . and correlated speckle noise (right). The red curve is the proposed model .
III. PROPOSED APPROACH
A. Shrinkage function
The ideal shrinkage function retains wavelet coefficients generated by edges or targets and put to zero those generated by noise:
We assume that the observed pdf for a realization r of the random variable
M I is a mixture of two pdfs:
Additionally, we assume scaled chi distributions for the two mixture components: 
where 
This approach is tested on a simulated SAR image shown on Fig. 3 . The estimated mixtures and corresponding shrinkage functions are given in Fig. 2 . Since the speckle is correlated, the mode position is greater than one and should fluctuate according to the quantity
2, / j j C S S . Consequently, this approach is robust to noise correlation because the resulting shrinkage function will adjust accordingly. Point targets will produce very large wavelet coefficients that must be preserved so we impose
1-4244-1212-9/07/$25.00 ©2007 IEEE. 
B. Scale and Space Consistency
Wavelet coefficients produced by edges and other meaningful structures within the image are persistent across scales, whereas noise related coefficients have their energy spread evenly on all scales. Consequently, meaningful coefficients will be consistent along scales. This observation can be used in order to increase the signal to noise ratio on the noisy fine scales, Scharcanski et al. [6] proposed the following rule This combination rule has the following behaviour:
• If one of the shrinkage functions takes a zero value then the resulting combination will be zero. As a result, homogeneous areas are preserved across scales;
• For edges, values must be consistent across scales in order not to be penalized (i.e. The geometric consistency rule reinforces wavelet coefficients placed along edges and penalizes isolated coefficients. Edges are assumed to be piecewise linear so wavelet coefficients are locally smoothed according to their energy direction (6) and 2N+1 is the size of the neighbourhood. Because we expect edge direction to be consistent in two consecutives scales, we apply an additional direction consistency rule [6] IV. RESULTS
A. Artificial SAR Image
The algorithm is tested on an artificial image shown on Figure 3 . The correlated speckle is generated using Blacknell's algorithm [8] with a large correlation coefficient value ( 0,1
. After filtering we estimate the Equivalent Number of Looks (ENL) within the image homogeneous areas, the PSNR and an Edge Preservation (EP) indicator [11] (preservation of the original gradient values along edges). Four levels of decomposition are used for the stationary wavelet transform with Biorthogonal-5 filters. For the proposed method, the following parameters are used: 
B. Real SAR Image
The filters are applied on a 550 400 × E-SAR image of Oberpfaffenhofen, Germany (L-band, hh) (see Fig. 5 ). We estimate the ENL within an homogeneous area (white square). The proposed method using
j sc g gives 17.9 looks, the SWT-MMSE achieved 9.3 looks and Refined Lee, 15.9. V. CONCLUSION In this paper, we proposed a new approach for the filtering of SAR images based on the stationary wavelet transform. The denoising of wavelet coefficients is achieved by a shrinkage function derived from a two component mixture model of the pdf of the normalized wavelet coefficients. This approach is particularly suitable for the filtering of correlated speckle and does not require any knowledge of the speckle second-order statistics. Different shrinkage functions are also proposed that are reinforcing consistent values and geometry across scales.
Filtering results on artificial and real SAR images show a more suitable compromise between noise reduction and detail preservation as compared to standard filters. Noise reduction is stronger to what can be achieved by other wavelet based speckle reduction techniques that are assuming a white speckle noise. Among the four different shrinkage functions proposed, 
